Glycosyl transferases that participate in the assembly of the lipidlinked oligosaccharide intermediates were solubilized from cultured soybean cells using 0.3% Nonidet P40 (NP40) in the presence of 10% glycerol. The solubilized enzyme preparation was reasonably stable and 50% of the activity still remained after storage at -10°C for I month.
supplemented with dolichyl-phosphate and metal ions. Based on various time course studies and supplementation studies with various additions, it appears likely that the first five mannose residues to form MansGlcNAcrlipid come directly from GDP-mannose, whereas other mannose units to form larger oligosaccharide-lipids come from dolichylphosphoryl-mannose.
In plants as well as animal cells, lipid-linked saccharide intermediates are involved in the formation of the N-linked oligosaccharide chains of membrane and secretory proteins (6, 22, 23, 26) . In animal cells, a large number of studies have been done on the lipid-linked saccharide pathway and many of the details of these reactions are known (15, 30) . For example, there is strong evidence to indicate that the first five mannose residues to form Man5GlcNAc2-pyrophosphoryl-dolichol come directly from GDP-mannose, while the next four mannose units to form MangGlcNAc2-pyrophosphoryl-dolichol are donated from dolichyl-phosphoryl-mannose (3) . Thus, studies with amphomycin, an inhibitor of the formation of dolichyl-phosphoryl-mannose, demonstrated that cell-free extracts ofaorta incubated with GDP- [ '4C]mannose plus amphomycin still synthesized Man5GlcNAc2-pyrophosphoryl-dolichol (18, 19) . In addition, a mouse lym-'Supported by grants from the National Institutes of Health (AM 21800) and the Robert A. Welch Foundation.
phoma cell line was isolated that had lost the ability to synthesize dolichyl-phosphoryl-mannose, but this mutant could still produce the Man5GlcNAc2-lipid (4) . However, when cell-free extracts of this mutant were supplemented with dolichyl-phosphoryl-mannose, they could elongate the Man5GlcNAc2-lipid to larger oligosaccharides. Finally, a number ofthe mannosyl transferases that participate in the formation of the Man5GlcNAc2-lipid have been solubilized (1 1, 16, 17, 24, 25) and the a-1,2 and a-1,3 mannosyl transferases have been partially purified (17, 24) . These enzymes required GDP-mannose, rather than dolichylphosphoryl-mannose, as the mannosyl donors (16, 25) .
In plants, the lipid-linked saccharide pathway has not been studied in nearly as much detail. The mung bean particulate enzyme catalyzes the incorporation of mannose from GDPmannose into Man1GlcNAc2-lipid, Man2GlcNAc2-lipid, Man3-GlcNAc2-lipid, Man5GlcNAc2-lipid, and Man7GlcNAc2-lipid (13) . These oligosaccharides were partially characterized and a pathway of mannose addition was postulated. However, it was not determined whether the various mannose units were donated via GDP-mannose or dolichyl-phosphoryl-mannose. In the present report, the enzymes were solubilized from cultured soybean cells and the formation of lipid-linked oligosaccharides was studied in this solubilized system. The data indicate that, in the plant system also, the first five mannose units are donated from GDPmannose, rather than dolichyl-phosphoryl-mannose.
MATERIALS AND METHODS
Materials. GDP-[U-'4C]Mannose (192 mCi/mmol) was purchased from New England Nuclear Co. Dolichyl-P was obtained from Sigma Chemical Co, polyvinyl pyrrolidone was from Calbiochem, and Biogel P-4 from BioRad. Amphomycin was a generous gift from Mr. W. Minor, Bristol Laboratories.
Cell Culture. Soybean (Glycine max L.) cells were cultured for 7 to 10 d in 500-ml Erlenmeyer flasks containing 100 ml of the medium of Chu and Lark (5) .
Preparation of Membrane Fraction. Soybean cells were harvested on a Buchner funnel and rinsed with fresh medium. The cells were suspended in 50 mM Tris-HCl buffer (pH 7.5) containing 8% sucrose, 0.5% PVP, 1 mM EDTA, 1 mM MgCl2, and 2 mM f,-mercaptoethanol at the rate of 50 ml of buffer/100 g of cells. The cell suspension was disrupted by three 10-s bursts in the Waring Blendor. The homogenate was squeezed through eight layers of cheesecloth and the filtrate was centrifuged at 5,000g for 10 min to remove cell debris. The supematant liquid was then centrifuged in the ultracentrifuge at 105,000g for 60 min. The pellet from this centrifugation was suspended in Tris-HCI buffer containing 10% glycerol at the rate of 2 ml of buffer/ tained as described above (10) (11) (12) (13) (14) (15) Preparation of Acceptor Lipid. The acceptor-lipid that was used in these studies as a mannosyl acceptor was prepared from pig liver as previously described (13) . Briefly After phase separation, the lower phase containing lipids was discarded and the upper phase was concentrated to dryness, dissolved in a small volume of water and analyzed by chromatography on Biogel P-4.
Oligosaccharides were reduced with NaB3H4 to reduce and label the sugar at the reducing end. The oligosaccharides were dissolved in 50 ul of H20 and one drop of 1 N NH40H was added. Then 20 ul of a solution of NaB3H4 (250 mCi/ml in 0.01 N NaOH) was added and the mixtures were incubated overnight at room temperature. Sodium borohydride was then destroyed by the addition of several drops of acetic acid and the mixtures were passed through columns of Dowex-50-H+. Borate was removed by the repeated addition and evaporation of methanol from the solution. The reduced materials were then dissolved in 0.5% acetic acid and analyzed by gel filtration on Biogel P-4 columns.
The various oligosaccharides that had been purified by gel filtration were subjected to digestion by a-mannosidase. Samples ( Fig. 2) . However, the second profile (B) shows that, in the absence ofacceptor lipid, there was almost no radioactivity found in the 10:10:3 phase. The addition of EDTA to the incubation mixtures caused a significant stimulation in the amount of radioactivity found in the Man5GlcNAc2 and Man3GlcNAc2 (from the lipid-linked oligosaccharides) ( (Fig. 4) . Figure 3 . In this experiment, after isolation of lipid-linked oligosaccharides, the oligosaccharides were released by mild acid hydrolysis and sized on Biogel P-4. It can be seen that, within 10 min, radioactivity Figure 4 , in this experiment the profiles of oligosaccharides in the 10:10:3 were quite different than those of Figure 3 . Again there was a continual increase in the amount of radioactivity incorporated into lipid-linked oligosaccharides during the first 30 to 60 min, and then a substantial decrease in the next hour. However, the spectrum of oligosaccharides labeled from GDP-mannose and dolichyl-phosphoryl-mannose ranged from Man8GlcNAc2 to Man2GlcNAc2. In addition, a substantial amount ofradioactivity was in mannose indicating the formation of dolichyl-phosphoryl-mannose. The fact that larger oligosaccharides were produced in the presence of dolichyl-phosphate indicates that dolichyl-phosphoryl-mannose is the mannosyl donor of some of these mannose residues. Also, the fact that the radioactivity in the lipid-linked oligosaccharides showed a much greater decline in the 2nd h of this experiment than in that of Figure 3 , indicates that the larger sized lipid-linked oligosaccharides are transferred more efficiently to protein.
Partial Characterization of Oligosaccharides Produced by Solubilized Enzymes. The Man3GlcNAc2 and Man5GlcNAc2 produced by the solubilized enzyme in the presence of acceptor lipid, EDTA, and GDP-['4C]mannose were isolated by chromatography on Biogel P-4 and were partially characterized as shown in Figure 5 . In the upper two profiles, the oligosaccharides were treated with a-mannosidase to release all the accessible a-linked mannose residues, and the reaction products were identified by chromatography on Biogel P-4. It can be seen that this procedure released all of the radioactivity as free mannose from both the Man3GlcNAc2 and Man5GlcNAc2. These results indicate that the #-linked mannose was not labeled with 14C, or that the inner core of these oligosaccharides was not the expected Man-,Bwas seen in the Man3GlcNAc2 and Man5GlcNAc2. The radioac-GIcNAc-GIcNAc. To determine this point, the-Man3GIcNA-C2 saccharides by Solubilized Enzyme. Amphomycin is a peptide antibiotic that has been shown to inhibit the formation of dolichyl-phosphoryl-mannose from dolichyl-phosphate and GDPmannose. To inhibit the formation of dolichyl-phosphoryl-mannose and examine the effect of this inhibition on lipid-linked oligosaccharide formation, studies were done with the solubilized enzyme in the presence of amphomycin. The results of one such study is presented in Table IV . In experiment 1, it can be seen that amphomycin strongly inhibited the formation of dolichylphosphoryl-mannose by the solubilized enzyme in the presence of acceptor-lipid dolichyl-phosphate and metal ion. It also inhibited the incorporation of mannose into lipid-linked oligosaccharides, but this reaction was less susceptible to inhibition. More interesting is experiment 3 where amphomycin almost completely inhibited dolichyl-phosphoryl-mannose formation while inhibiting lipid-linked oligosaccharide formation much less. To determine the nature of the products formed in the presence ofamphomycin, the oligosaccharides were isolated from the lipid-linked oligosaccharides and examined on Biogel P-4. The profiles in Figure 6 compare the normal incubation mixture (upper) to that with amphomycin (lower). It can be seen that the normal incubation of solubilized enzyme, acceptor lipid, dolichyl-phosphate, Mn2+, and GDP-['4C]mannose gave a series of oligosaccharides ranging from Man8GlcNAc2 to Man2GlcNAc2.
On the other hand, in the presence of amphomycin, only two oligosaccharides were seen in the lipid-linked oligosaccharides and these corresponded to the Man3GlcNAc2 and Man5GlcNAc2. These data indicate that the first four a-linked mannose residues are all donated from GDP-mannose and other mannose units to form larger oligosaccharides come from dolichyl-phosphorylmannose.
DISCUSSION
In plant cells, the evidence indicates that N-linked oligosaccharides are biosynthesized via lipid-linked saccharide intermediates in a pathway that appears to be similar to that in animal cells (2, 6, 8, 20) . Thus, a number oflipid-linked oligosaccharides, containing mannose and GlcNAc, have been isolated from various plant systems (2, 8, 13, 22) and many of these oligosaccharides have structures that closely resemble or are identical to those of animal systems (2, 13, 22, 27) . The final lipid-linked oligosaccharide intermediate, the Glc3Man9GlcNAc2-pyrophosphoryl-dolichol, has also been isolated from several plant systems (20, 27) and its structure partially characterized (14) . In addition, tunicamycin, an antibiotic that inhibits the formation of GlcNAc-pyrophosphoryl-dolichol in animal (28, 29) , yeast (21) , and plant (7) systems, and therefore prevents N-glycosylation, also prevents the glycosylation of a number of plant N-linked glycoproteins (2, 12) . This is strong evidence that the synthesis of the oligosaccharide portion of these N-linked glycoproteins involves lipid-linked saccharide intermediates.
In animal cells, there is compelling evidence that the first five mannose residues to be added to the chitobiose-lipid are donated directly from GDP-mannose. Thus, amphomycin is an antibiotic that inhibits the formation ofdolichyl-phosphoryl-mannose (18) . However, when aorta extracts are incubated in the presence of amphomycin plus GDP-['4C]mannose, these extracts transfer mannose to lipid-linked oligosaccharides to produce Mannose5GlcNAc2-lipid (19) . Under these conditions, no dolichyl-phosphoryl-mannose is formed so that the mannose transferred must come directly from GDP-mannose. This was confirmed by the isolation of a mutant cell line that was unable to synthesize dolichyl-phosphoryl-mannose (4). This mutant accumulated the Man5GlcNAc2-pyrophosphoryl-dolichol and was unable to elongate this oligosaccharide further. However, when the extracts of this mutant were supplemented with dolichylphosphoryl-mannose, they could elongate this oligosaccharide to longer species.
In animal cells a number of the enzymes involved in the lipid-linked saccharide pathway have been solubilized. Thus, the UDP-GlcNAc:GlcNAc-P:Dol-P transferase and the UDPGlcNAc:GlcNAc:Dol-P-P-GlcNAc transferase (1, I 1) were solu- 
